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Abstract 
On the site of Kaniow (Poland) a new well was used to inject supercritical CO2 into coal seams over a two year period. The 
injection was part of an experiment on Enhanced Coal-Bed Methane recovery sponsored by the RECOPOL and MovECBM 
European project. 
Part of the interest in ECBM is the possibility to store CO2 in unmineable coal seams for hundreds of years. Safe long-term 
geological storage, be it in coal or in permeable formations, requires minimizing the risk of CO2 leaking through wells and 
finding its way back to the atmosphere or to potable aquifers and other permeable formations. Wells are generally recognized as a 
weak spot in CO2 storage, where containment can break down. This is because cement, steel and elastomers can be corroded by 
CO2, and the ageing process will be accelerated by any defects in the cement sheath. 
This paper describes how the long term risk to containment was analyzed by integrating characterization and monitoring 
measures with lab investigation through a long-term leakage simulator. The conditions of the cement sheath and the tubulars 
were investigated in detail before and after the CO2 injection period using 3D ultrasonic imaging. The steel corrosion behavior 
was also extensively investigated and characterized in a lab. All data acquired on the initial state of the well bore and the 
corrosion behavior of the tubulars was then used to simulate the well evolution with a probabilistic approach, enabling 
quantification of the containment failure as well as what parts of the well bore were critical for preventing and mitigating leaks. 
Keywords: CO2; corrosion; wellbore integrity; cement evaluation; risk management; ECBM; Poland 
1. Introduction 
One of the major issues associated with CO2 storage is the control of storage integrity over very long timescales. 
Leakage not only defeats the purpose of storage but could also affect human health or the environment. 
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Leakage through wells happens as a consequence of a completion failure. CO2 presence in water-rich 
environments creates an acidic solution, which reacts with steel and cement and can undermine the completion’s 
long-term integrity. Cement failure or casing corrosion in injecting, producing or abandoned wells may create 
preferential channels for CO2 migration into shallower formations, or even back to the surface. 
The Work Package 3 of the MovECBM project had as objective to better understand the well material 
degradation mechanisms for proper risk analysis and identification of remedial actions. Laboratory experiments to 
characterize possible steel degradation mechanisms, in-situ time-lapse measurements (logs) and modeling studies 
have been carried out for that purpose. The results of this work will be presented in this paper. 
2. Understanding casing corrosion 
Despite a large research effort on CO2 corrosion, the electrochemical degradation mechanism is still uncertain. 
Addition of complicating factors like protective surface films on steel, the use of corrosion inhibitors, changes in 
pressure and temperature, composition of formation waters, steel type, the corrosion history of the casing material 
and the presence of Portland cement, increases the complexity of the degradation phenomena and monitoring 
methods. 
Within the MovECBM project, TNO performed an experimental study under high pressure CO2 conditions using 
several electrochemical techniques: Open Circuit Potential (OCP) monitoring, Linear Polarization Resistance (LPR), 
Electrochemical Impedance Spectroscopy (EIS) and Electrochemical Noise Measurements (ECNM). The aim of this 
study was to investigate the usefulness of these electrochemical methods for monitoring the corrosion under CO2 
storage conditions. For this purpose, a custom-made high pressure thermostated electrochemical cell was made 
(Figure 1) which allowed to in-situ monitor the corrosion of the casing steel materials (API N80 and J55 steel) in an 
electrolyte with similar composition as the formation water of the well, under pressurized CO2 conditions (80 bar 
CO2 @ 45°C). Using this configuration, several 5 to 10 day duration tests were performed. 
 
Figure 1 - electrochemical cell used for the corrosion experiments 
After the duration tests the samples were examined using Scanning Electron Microscopy (SEM) and Surface 
profilometry. The corrosion products in the electrolyte were analyzed using inductively coupled plasma (ICP) 
measurements.  
The experiments show that there is strong variation in the observed corrosion mechanism after the CO2 exposure 
time in the HPT set-up. Some samples showed “uniform” corrosion, others were passivated due to the formation of 
ferrous carbonate (siderite) layer on the surface. 
The observed corrosion phenomena correlate well with those observed at the surface of the tubing material (N80 
steel) which was field tested in the CO2 storage facility of MovECBM in Poland for approximately one year. 
Precipitation of FeCO3 results in the formation of a partial siderite film that may impede continuous corrosion. In 
addition, the observed development of blisters is probably associated with the release of hydrogen gas at the steel 
surface beneath the siderite layer. Corrosion of the inner tubing steel has effectively been linked to the water level in 
the tubing during operations. 
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The results obtained from the electrochemical monitoring techniques can be summarized as followed. Open-
circuit potential (OCP) measurements is a very simple tool which can be used to distinguish between the two 
observed corrosion mechanisms but is not useful to determine the corrosion rate. The results from electrochemical 
noise measurements (ECNM) are difficult to analyze; however, the ECNM current noise and voltage noise graphs 
can be used to detect pitting corrosion. The samples tested in the HPT set-up showed no pitting and similarly none 
was observed in the field test. It was found that both Electrochemical Impedance Spectroscopy (EIS) and Linear 
Polarization Resistance (LPR) measurements are useful techniques to monitor the CO2 corrosion. In addition the 
LPR results can be used to calculate the corrosion rate. The corrosion rates from LPR correlate well with those 
obtained from the ICP and the surface profilometer measurements. 
3. Well integrity logging 
The Kaniow MS-3 well was logged on 2006 May 26 a first time using UCI (high-resolution ultrasonic steel 
corrosion evaluation), Isolation Scanner (IS, ultrasonic steel and cement evaluation) and CBL-VDL (sonic cement 
evaluation). A second logging session was carried out on 2007 Oct 20 (512 days later) using the UCI and Isolation 
Scanner. 
  The Isolation Scanner provided maps of acoustic impedance (Z) and flexural attenuation (α) with a resolution of 
10º and 1.5 inches (approx. 15.5 mm around the azimuth and 38.1 mm along the depth of the well); it also provided 
a measured wavespeed in the annular medium at each depth – see [1] for further details on the measures. Z and α 
were independently verified for consistency with each other and against their expected value at the top of cement, at 
15.5 m: they are therefore not likely to show any significant bias when comparing both runs. 
The integrity of a well is guaranteed by three layers: steel casing, cement and near wellbore. In what follows, the 
status of the first two layers at the well abandonment stage, as well as their changes between the two logging run 
will be discussed in detail. 
3.1. Casing integrity 
The most precise corrosion monitoring measure is the local casing thickness. The IS extracts a steel thickness 
value from the resonant frequency of the pulse-echo measurement, whereas the UCI – which operates at 3 MHz, ten 
times higher frequency than the IS – measures the travel time in the casing. 
IS and UCI also measure the inner radius of the casing as well as the amplitude of the first reflection (useful to 
detect surface roughness). The inner radius depends on the fluid velocity in the casing, which, although measured 
independently to a good precision, introduces a measure of variability of the same order of magnitude as the effect 
we wish to detect. 
Both measures produce high-resolution maps versus azimuth and depth that can be compared to detect local 
corrosion patterns, especially useful if pitting or localized corrosion is suspected. In this case alignment of the logs is 
made harder by very strong, short-spaced variations of casing thickness, similar in shape to a screw; this in turn 
results in alignment errors larger than the tiny time-lapse effects. 
Allowing for this source of noise, comparison of thickness maps don’t show particular patterns and broadly agree 
with the behavior of the average thickness curves (average of all individual thickness measures at each depth). 
Figure 2 shows that the average thickness has actually increased between the two logs along the whole well, 
although the magnitude of change is far below measurement precision and should be put in perspective: most 
thickness changes measured by the IS are below 0.5% (50 μm for a 10 mm thick casing) and the tool precision is 
rated at 2% (4% for the UCI). Comparison of the thickness measured by the IS and the UCI for a 217-meter section 
around the packer (974 m) shows that the UCI generally agrees with the thickness increase, although the exact 
values are an order of magnitude higher, and that the only section where thickness changes are comparable with the 
measurement precision is below 1085 m – lower than the lowest perforations at 1077-1079 m. 
It is highly likely that all the thickness changes, far below published tool precision, are due to the effect of 
increasing cement acoustic impedance described below. The additional effect of a fluid-filled microannulus on the 
UCI may also help explain the larger thickness increase measured by the tool, as well as the seemingly different 
behavior of thickness below and above the packer. 
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Figure 2 - Distribution of casing percent thickness changes between logging runs measured by the IS and averaged at each casing joint (left plot), 
and comparison of IS and UCI absolute thickness changes for a section at the bottom of the well (right plot). 
A qualitative analysis of the amplitude of first reflection from both the IS and the UCI also doesn’t reveal either 
areas of low reflectance (indicative of roughness or localized pitting) or significant changes between the first and 
second logging run. This fact would tend to confirm that localized corrosion may not be an issue under the 
conditions experienced in this project. 
In summary, a negligible thickness increase and no significant difference in thickness behavior above and below 
the tubing packer (where water was made acidic by the injected CO2) mean no detectable evidence of uniform 
corrosion over the 17 months between the two logging runs. This is probably because of two favorable conditions in 
the well, which was exposed to either dry CO2 or water with low CO2 content (because of extremely slow release 
from the formation). A passivating siderite layer may have also reduced corrosion rates to below detectable levels. 
3.2. Cement integrity 
The evolution of Z and α between the two logging run is highly unusual: Figure 3 shows that for most 
measurement points, acoustic impedance increases by 2 MRayl and flexural attenuation by 0.4 dB/cm. These values 
are about four times higher than the measurement precision and consistent along the well: they are therefore highly 
likely to be meaningful. 
   
Figure 3 - Histogram of flexural attenuation vs. acoustic impedance for both logging runs and their difference (right-most map). Black squares 
indicate expected values for gas (dry microannulus), original mud, set and carbonated cement (with or without microannulus) 
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A number of hypotheses can be formulated and tested to try and reproduce the observed behavior of ΔZ/Δα: 
cement may have set further between the two logs, a fluid-filled microannulus between casing and cement may have 
contracted (by, for instance, axial water flowing under formation pressure), or cement may have carbonated. 
Portland cement when exposed to CO2 undergoes two main chemical reactions: at first portlandite (Ca(OH)2) and 
C-S-H (calcium silicate hydrate) capture CO2 to become calcium carbonate – a phase called carbonation; then 
calcium carbonate itself is leached to leave behind silica gel – a phase akin to karstification.  
In theory, hydration may have progressed by about 10% between the two logs. Hydration results in increased 
density and compressional and shear wavespeeds. Figure 4 shows that the shear wavespeed actually decreased by 
3% between the logs. Wavespeed is measured by travel time through cement, and is therefore only marginally 
affected by bonding conditions between casing and cement. 
 
 
 
Figure 4 - Comparison of the expected ΔZ/Δα for a number of competing hypotheses versus measured values (right plot) and distribution of 
measured apparent shear wavespeed for a 7 m section below the tubing packer (left plot). 
Figure 4 also shows that the only hypothesis that is reasonably consistent with the measured ΔZ/Δα for initial 
cement impedance values greater than 4 MRayl is carbonation (see also [3]). Cement carbonation, if really present, 
seems to be reasonably superficial: Figure 5 shows that above the tubing packer cement intrinsic attenuation appears 
to be unchanged, with zones of decreased formation reflection (indicative of increased cement attenuation) limited 
to the section below the packer. Partial evidence from logs and carbonated cement analysis suggests that extensive 
cement carbonation can lead to a significant increase in attenuation, possibly due to scattering by paleo-fronts [2]. 
Crucially for the discussion above, evidence for the existence of a fluid-filled microannulus2 is overwhelming. 
CBL logs (such as the one run in May 2006) are mostly sensitive to the bonding conditions between casing and 
cement: lack of shear-bonding (continuity in shear stress and azimuthal displacement) causes the measured 
amplitude to shoot up to almost free pipe value – i.e. where the annulus is filled with a fluid. The May 2006 log 
showed an increase in amplitude with respect to the original CBL run in 2000 after the cement job. 
Another line of evidence arises from the acoustic impedance measured during the first log: from Figure 3, it can 
be observed that part of the points to the left of the map have migrated to the right. Since differential setting alone 
cannot account for the large distribution in Z and α, it can be supposed that some of their variation is due to a 
(water-filled) microannulus of varying thickness. An approximate microannulus coverage can therefore be obtained 
by counting points with Z≤4.5 MRayl. Both lines of evidence can thus lead to independent estimates of 
microannulus coverage vs. depth (Figure 5, right). These curves are in turn compared with a third coverage estimate 
 
2 A microannulus (or microannular) is a sub-millimetric gap between casing and cement, or cement and formation, that is created by 
debonding at the interface between the materials. Its thickness can vary between a few 10’s of μm (cement particle size) to 100’s of μm. Dry (or 
gas-filled) microannuli completely reflect ultrasonic energy, preventing investigation of the cement sheath. Fluid-filled microannuli – as in this 
case – still allow energy to propagate into the cemented annulus: logs can therefore still be use to infer cement properties. 
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obtained from all points with ΔZ/Δα>0. All curves suggest that 60-90% of the cement is separated from the casing 
by a sub-millimetric layer of water. 
 
 
Figure 5 - Change in average ratio between formation and casing echoes between the two logging run: the solid curve has been corrected to 
reflect the change in illumination (increase in flexural attenuation, left plot). The right plot shows microannulus coverage versus depth calculated 
using different measurements 
The microannulus, likely created and expanded by the high CO2 injection pressure, may have served as a 
pathway for a small amount of CO2 to migrate upward, which may have in turn caused superficial carbonation in 
cement. Most carbonation seems to have happened between May 2006 and Oct 2007. Microannulus ballooning 
clearly stops at the end of injection: the second log shows limited microannulus thickness above the tubing packer, 
and intervals of good bond across coal seams. The coal seams in fact seem to creep and/or swell, compressing 
cement around the pipe and are most probably providing a good annular seal after the abandonment phase. 
4. Long-term modeling of leakage risk 
4.1. Global risk assessment methodology 
The objectives of a risk assessment study are, on the basis of the available data: (i) to identify risks and quantify 
their associated criticity values and (ii) to treat the risks by selecting one or more options for decreasing risks and 
implementing them. Quantification of criticity values requires evaluating the two components of the risk: the 
probability of a hazardous event to occur, and the severity of this event. For more detailed descriptions of the 
Performance and Risk methodology, please refers to [4-7]. 
At the beginning of a study, all data relevant to well integrity (drilling report, cement logs, description of 
geology…) are collected and interpreted, Data help to characterize the geometry and properties of well components 
(casing, cement) and of the wellbore for later modeling of the well system. 
The methodology is based on a systemic approach to the well. Practically, this means that well integrity 
performance is assessed according to the possibility that a function performed by the well (confinement of injected 
CO2 in this study) will fail. The functional analysis is required to identify the contribution of each well component to 
the function, and how this function could be defeated (i.e. what could lead CO2 to leak to the surface). 
For a given well, interpreted data are used to build the “static model” that describes the system:  
• Geology (input for characterizing the wellbore environment): type, depth and mechanical properties of geological 
formations; 
• Casings: material, diameters, thickness, overlaps, shoe depths, centralization in the bore hole; 
• Cement sheaths: thickness, rathole length, conditions (zones of free pipe, microannulus …), vertical and 
horizontal permeability values. 
These data are then implemented into the numerical leakage simulator SIMEO™-STOR, and completed by data 
relative to the dynamic model: 
• Degradation processes and properties: kinetics and impact of corrosion, cement leaching and/or carbonation; 
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• Defining the initial and limit conditions applied to the static model: pressure and temperature profiles along the 
wellbore with time; flow condition between cement sheaths and geological formations (i.e. possibility for the 
injected CO2 to migrate from the well to geological formations) 
Both static and dynamic models take into account parameters’ uncertainty (like uncertainty associated to cement 
permeability, to degradation mechanisms to initial and limit conditions…) by the use of probabilistic distribution 
laws.  
The next step consists in building different probabilistic scenarios issued from the dynamic model. These 
scenarios describe specific geometrical and mechanical hypothetical states of the well for the simulations (during 
injection and/or abandonment phases). Depending on the probabilistic distribution laws that describe each 
parameter, the probability of occurrence of each scenario can therefore be assessed. 
Each scenario is then simulated over the given period (1000 years in this study), using a coupled model (a two-
phase flow model and ageing degradation model). One output of the model is the CO2 leakage mass (expected nil if 
well integrity is efficient to avoid any CO2 migration to the surface or to shallow aquifers). For each scenario that 
corresponds to a well integrity failure (i.e. a scenario for which a CO2 leakage is not nil), the leaked mass obtained is 
converted into a severity level according to the consequence grid. The combination of this severity level and of a 
scenario’s probability allows quantifying the risk level or “criticity value”.  
After simulations, a risk mapping is built from the crititicy values of all scenarios. From this risk mapping, 
specific recommendations can be proposed that contribute in ensuring that the overall risk level remains acceptable. 
The acceptable level is defined by the operator based on the stakes associated to the project. Within the MovECBM 
project, criticity values were not assessed. Recommendations are thus based on the estimation of CO2 leakage mass. 
4.2. Main results 
MS-3 well integrity from CO2 leakage issues was modeled for a period of 1000 years after abandonment. In this 
study, a total of 50 scenarios were defined that represent ‘most likely’ CO2 leaks (parameters set to values most 
relevant to the current well), and the impact of some parameters was quantified via a sensitivity study. For the 
sensitivity study the parameters considered were associated to (i) storage conditions, (ii) well geometry (cement 
permeability, micro annulus, …) (iii) degradation mechanisms associated to the presence of CO2 (corrosion, cement 
degradation, …) and due to the well environment. 
As an example of the results of the simulations, Figure 6 presents, for a scenario, the cumulated mass of CO2 that 
leaks to the surface over time. 
  
Figure 6 - System Boundaries and cement segmentation for the system description of the MS-3 well (left picture) and CO2 mass leakage out of 
reservoir vs. time – scenario M (right picture, extracted from Simeo™ Stor). 
For all scenarios, the cumulated CO2 mass released within the abandonment period remains relatively low 
compared to the actual CO2 mass that was injected. This efficient confinement of the CO2 is explained, among other 
M. Loizzo et al. / Energy Procedia 1 (2009) 3579–3586 3585
8 Author name / Energy Procedia 00 (2008) 000–000 
things, by low reservoir pressure during storage, and the overall good quality of the cement sheath (low permeability 
values, even in the presence of a thin microannulus). Permeability of cement zones of greater quality (lower 
permeability) has a greater impact on gas migration than cement zones of lower quality. 
To complete these first results, the sensitivity study however highlighted some parameters that could favor CO2 
leakages: (1) greater leakages are associated with scenarios where cement permeability was assumed to be the 
greater, as well as reservoir pressure; (2) the development of microannulus with time creates preferential pathways 
from the reservoir to the surface favors upward migration of the CO2 within the wellbore, (3) particularly if 
degradation kinetics are fast. 
5. Conclusion 
Corrosion experiments showed that uniform corrosion would be the most likely degradation mechanism in steel 
(as opposed to pitting); the formation of a protective ferrous oxide layer was also shown to slow corrosion rates. The 
experiments also showed that electrochemical methods, especially EIS and LPR, could become useful for 
monitoring in-situ corrosion of well materials in underground CO2 storage conditions. 
Time-lapse logs, in May 2006 and Oct 2007, could detect no casing corrosion over the 17 month period. In 
addition the logs suggest superficial cement carbonation along the whole well: the carbonation was probably caused 
by a ballooning fluid-filled microannulus, in turn caused by the high injection pressure. The evidence also confirms 
that the microannulus shrank back in size after the end of injection and that coal creeping/swelling provides a good 
hydraulic seal. 
Finally, long-term leakage simulations show the risk of leakage to be acceptable because of low CO2 pressure at 
the storage horizon (a consequence of CO2 preferential absorption into coal) and the fair cement conditions. Well 
integrity of the MS-3 well seems therefore to be guaranteed over a very long time frame. 
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